The presence of polyomaviruses and herpesviruses in adrenal tumors and their role in adrenal tumorigenesis has never been investigated, even though the adrenal gland seems to be a preferential site of infection by these viruses and adrenal steroid hormones have been shown to activate their replication. We examined in a large series of normal adrenal gland tissues (n ¼ 20) and adrenal tumors (n ¼ 107) the presence of herpesviruses and polyomaviruses sequences and gene expression, which were detected in a high proportion of both normal and neoplastic adrenal samples (overall, viruses were found in 15% normal adrenals, 27.8% benign adrenal tumors and 35.3% malignant tumors). The polyomaviruses SV40 and BK virus were more frequently found in malignant adrenal tumors, whereas herpesviruses, especially Epstein-Barr virus and human cytomegalovirus, were more frequently detected in functioning benign adrenocortical tumors, often as coinfection. Moreover, tumors from patients with severe hypercortisolism frequently showed herpesvirus coinfections at high viral genome copy number. Our study suggests that the adrenal gland could be a reservoir of infection for these viruses and that hormone overproduction by the adrenal gland could represent a trigger for virus reactivation. On the other hand, these viruses could also contribute to adrenal cell proliferation and tumorigenesis.
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Keywords: adrenal gland neoplasms; herpesviruses; polyomaviruses; pheochromocytoma; adrenocortical carcinoma; hypercortisolism Adrenal masses are common findings in clinical practice, affecting 1-4% of the population (Barzon et al., 2003) . Most are benign nonfunctioning adrenocortical adenomas (NFAs) and, less frequently, pheochromocytomas, whereas adrenocortical carcinomas (ACCs) and malignant pheochromocytomas are rare. Besides the dismal prognosis of ACCs, both benign and malignant adrenal tumors may be associated with morbidity due to syndromes of hormone hypersecretion (hypercortisolism, aldosteronism, virilization, feminization or symptoms due to catecholamine excess). The pathogenesis of sporadic adrenal tumors is poorly understood, whereas progress has been made in the identification of the molecular basis of inherited adrenal tumor syndromes (Libe`and Bertherat, 2005; Dahia, 2006) . In particular, the role of viruses in adrenal tumorigenesis has never been investigated, even though the adrenal gland seems to be a preferential site of infection by several viruses. Selective adrenotropism has been demonstrated in experimental animal models of adenovirus, herpes simplex virus (HSV), varicella zoster virus (VZV), human cytomegalovirus (HCMV) and polyomavirus infection (Barzon et al., 2004) . Moreover, glucocorticoids and other adrenal steroid hormones have been shown to enhance replication and/or reactivation from latency of several viruses, such as the herpesviruses HSV-1 (Nishiyama and Rapp, 1979) , HSV-2 (Amstey, 1977) , HCMV (Tanaka et al., 1984a, b; Lathey and Spector, 1991) , Epstein-Barr virus (EBV) (Glaser et al., 1995) , and HHV8 (Zoeteweij et al., 2002) and polyomaviruses (Morhenn et al., 1973) , including BK virus (BKV) (Moens et al., 1994) .
Based on these observations, we hypothesize that some viruses, including oncogenic herpesviruses and polyomaviruses, could naturally infect the adrenal gland and even be reactivated in the case of hormone hypersecretion, thus contributing to cell proliferation and tumorigenesis.
Among herpesviruses, EBV and HHV8 have been clearly involved in human cancer, whereas HCMV and HHV6 have been hypothesized to be cofactors of tumorigenesis. The effect of herpesvirus infection on the adrenal gland has been poorly investigated. HCMV has been shown to infect a variety of organs and tissues, including the adrenal gland. In particular, HCMV infection of the adrenal gland and adrenal insufficiency has been reported in AIDS patients with HCMV disease (Pulakhandam and Dincsoy, 1990; Hoshino et al., 1997; Razzaq et al., 2002) . Adrenal insufficiency with necrosis of the adrenal cortex has been also anecdotally reported in patients with acute HSV-1 infection (Podlech et al., 1996; Aita et al., 2001) . The role of other herpesviruses in adrenal disease is unknown.
The polyomaviruses identified in humans are SV40, JC virus (JCV) and BKV. They have been involved in the development of several human cancers and lymphomas, but their role in human adrenal tumors has never been investigated, although experimental evidences indicate that polyomaviruses can infect and transform cells of the adrenal cortex and the adrenal medulla (Small et al., 1986; Ressetar et al., 1993 Ressetar et al., , 1997 Tischler et al., 1993; Servenius et al., 1994; Flaegstad et al., 1999; Thomas et al., 2000; Hornsby et al., 2002) . We have recently reported the case of a patient with a large NFA, which showed histological features consistent with HCMV infection, whose presence was confirmed by detection of HCMV DNA and proteins (Pomara et al., 2006) . The adrenal adenoma was also positive for BKV DNA sequences. Based on this occasional finding and on the above evidences from the literature, aim of this study was to investigate whether there is an association between viral infection and adrenal tumors by examination of a large series of normal and neoplastic adrenal tissues for the presence of herpesviruses and polyomaviruses DNA sequences and gene expression.
We investigated a total of 127 human adrenal tissue samples, including 20 normal adrenal glands, 36 NFAs, 16 cortisol-producing adenomas/hyperplasia (CPAs), 12 aldosterone-producing adenomas (APAs), 3 androgenproducing adenomas/hyperplasia, 16 ACCs (14 functioning and 2 nonfunctioning) and 24 adrenal medullary tumors (including 21 benign pheochromocytomas, 1 malignant pheochromocytoma and 2 ganglioneuromas) ( Table 1 ). The presence of viral DNA sequences of the herpesviruses EBV (Biasolo et al., 2003) , HCMV (Mengoli et al., 2004) , HSV1, HSV2, VZV, HHV6, HHV7, and HHV8 (Watzinger et al., 2004) and the polyomaviruses JCV, BKV and SV40 (McNees et al., 2005) was investigated by sensitive real-time quantitative PCR assays on DNA extracted from frozen or formalin-fixed paraffin-embedded samples. The quantity and integrity of purified DNA was evaluated by real-time PCR amplification of the b-globin gene (Biasolo et al., 2003) . All nucleic acid purifications and PCR analyses were performed at least two times to confirm the results and three water-negative controls were run in each DNA purification session to check for contamination.
EBV DNA sequences were detected in two (16.7%) APAs, five (31.3%) CPAs, two (5.6%) NFAs and one (5%) normal adrenal tissue, but not in ACCs and pheochromocytomas. EBV DNA copy number was higher in CPA (median, 9500 EBV DNA copies/10 6 cells, range 10-40 000), particularly in tumors of patients with severe hypercortisolism than in the other adrenal tumor types (range, 2-20 EBV DNA copies/10 6 cells). On positive samples, EBV genotyping by PCR amplification of the EBNA-2 and EBNA-3B genes (Lee et al., 2004) demonstrated the presence of EBV-1 in nine cases and EBV-2 in one CPA. Moreover, the 30 bp deletion of the LMP-1 gene, which has been associated with a higher oncogenic potential (Knecht et al., 1993) , was revealed only in EBV DNA from a normal adrenal gland. This distribution of EBV genotypes and 30 bp Polyomaviruses and herpesviruses in human adrenal tumors L Barzon et al deleted LMP-1 variant is similar to the prevalence observed in blood samples from EBV healthy carriers attending our Clinical Microbiology Laboratory in Padova (unpublished observations) and to the prevalence reported in other institutions (Gratama and Ernberg, 1995; Correa et al., 2004) . To assess whether EBV infection in adrenal tissues was latent or lytic, we analysed expression of transcripts of EBV latent genes (EBER, EBNA-1, EBNA-2, EBNA-3C, LMP-1 and LMP-2) by reverse transcription (RT)-PCR, as reported (Isobe et al., 2004) , and expression of EBNA-1 protein and EBV early antigen-diffuse (EA-D), which is expressed during lytic activation, by immunohistochemistry. Lack of EBV latent gene expression together with diffuse EA-D-p52/50 cytoplasmic staining was consistent with lytic infection (Figure 1 ). HCMV DNA sequences were detected in two (16.7%) APAs (one was also positive for EBV DNA), four (25%) CPAs (three EBV-positive), five (13.9%) NFAs (one EBV-positive), one (5%) normal adrenal tissue (also EBV-positive), three (13%) benign pheochromocytomas, but not in ACCs. HCMV DNA copy number varied from 10 to 13 000 DNA copies/10 6 cells, with higher titers observed in CPAs associated with severe hypercortisolism. Immunohistochemistry revealed the expression of the structural protein pp65 (ppUL83), showing the lytic nature of the infection (Figure 1 ). HHV6 DNA sequences were detected at low copy number (range, 5-35 copies/10 6 cells) in two (12.5%) CPAs, one (2.8%) NFA, three (15%) normal adrenal tissues, two (8%) adrenal medullary tumors and in two (12.5%) ACCs.
HHV8 DNA sequences were detected in one case of bilateral adrenal hyperplasia due to a severe form of adrenocorticotropin-dependent Cushing's syndrome (the adrenal glands of this patient were also positive for EBV, HCMV and HHV6 at high copy number), in an NFA (which was also HCMV-and HSV-positive), in an androgen-producing adenoma, and in a normal adrenal gland tissue adjacent to a pheochromocytoma. Viral copy number was low, ranging from 5 to 30 copies/ 10 6 cells.
HSV-1 DNA was demonstrated in one (8.3%) APA, four (11.1%) NFAs, one (6%) ACC and one (4.3%) pheochromocytoma. Viral copy number ranged from 10 to 80 copies/10 6 cells. In three cases, HSV-1 and HCMV coinfection was observed. None of the adrenal tissues was positive for HSV-2 DNA. Moreover, neither VZV nor HHV7 DNA sequences was demonstrated in any adrenal sample.
In a subgroup of 26 consecutive patients with adrenal tumors (eight ACCs, four APAs, three CPAs, five NFAs and six pheochromocytomas) enrolled last year, serum and peripheral blood mononuclear cell DNA were did not immunostain. Tissues were formalin fixed, paraffin embedded and sliced into 4 mm sections. Antigen retrieval for EA-D-p52/50 was carried out with 10 mM sodium citrate buffer (pH 6.0) at 951C for 10 min. Immunohistochemistry anti-HCMV ppUL83 did not required antigen retrieval. Primary antibodies were incubated for 1 h at room temperature. The HRP Envision Mouse System (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK) was used as a detection system for anti-EBV immunohistochemistry, while NovoLink Polymer (Novocastra) was used for anti-HCMV immunohistochemistry. Original magnification: Â 20. available for antibody screening and viral DNA detection, respectively. All these patients were positive for immunoglobulin G (IgGs) anti-VZV, anti-HSV-1 (two also for anti-HSV-2) and anti-EBV EBNA and VCA (three patients had also positive immunoglobulin M (IgM) antibodies to VCA). All but one patient were positive for anti-HCMV IgGs; eight patients (31%) were negative for anti-HHV6 IgGs and only three patients had anti-HHV8 IgGs (two with latent and one with lytic antibodies). No herpesviral DNA sequences were detected in the peripheral blood of these patients. Out of these 26 patients, 3 had positive virological findings in their adrenal tumors: an NFA positive for HCMV, HSV and HHV8 DNA (the case with high HHV8 lytic antibody titer), a pheochromocytoma positive for HCMV and HSV DNA, and a CPA positive for EBV DNA (the patient had a slight elevation of anti-EBV IgMs). Thus, the presence of herpesviruses in the adrenal tumors seems to be associated with reactivation of lytic viral replication, as shown also by immunohistochemical detection of lytic viral antigens in tumor cells, such as EA-D-p52/50 and pp65 in EBV and HCMV infections, respectively (Figure 1) .
Statistical analysis of possible associations between the presence of any herpesvirus and the nature or functional activity of the adrenal tumors demonstrated that EBV was more frequently found in benign functioning adrenocortical tumors than in ACCs, NFAs, pheochromocytomas or the normal adrenal gland (w 2 -test, Po0.01). HCMV was also more frequently detected in benign functioning adrenocortical tumors, although the association was not statistically significant.
Glucocorticoids have been demonstrated to stimulate replication of herpesviruses, such as EBV (Bauer, 1983; Schuster et al., 1991a; Glaser et al., 1995) , HCMV (Tanaka et al., 1984a, b; Lathey and Spector, 1991) and HSV (Amstey, 1977; Nishiyama and Rapp, 1979) . The mechanism of action of glucocorticoids on EBV replication has been demonstrated to rely on a functional glucocorticoid-responsive element (GRE) located in the latency C promoter of EBV genome, from which latency group III gene expression is controlled (Kupfer and Summers, 1990; Schuster et al., 1991b) . No GREs have been identified in the genome of HCMV and other herpesviruses. However, glucocorticoids and/or other adrenal steroid hormones could indirectly activate viral replication through induction of expression of other transcription factors and coactivators that bind viralenhancer/promoter sequences and mediate glucocorticoid response. Herpesviruses have also been shown to reactivate in response to stress and adrenergic stimuli (Bloom et al., 1997; Chang et al., 2005) . For example, physiological concentrations of catecholamines have been demonstrated to induce lytic replication of HHV8 in latently infected lymphoid cells via badrenergic activation of cellular protein kinase A signaling pathway (Chang et al., 2005) . These observations are in agreement with our findings of HHV8 DNA in a case of normal adrenal cortex adjacent to a pheochromocytoma and in two adrenocortical tumors, which were also positive for other herpesviruses. Cortisol or catecholamine hypersecretion by adrenal tumors, together with stress due to disease and hospitalization, could represent important factors for viral reactivation. This is suggested also by the results of our study, which show that patients with severe and persistent hypercortisolism frequently had viral coinfections in their adrenal gland, at relatively high titer. It is possible that, in these adrenocortical tumors, herpesvirus replication and gene expression could act as cocarcinogens and interact with the genetic background and hormone stimuli to promote tumor cell proliferation and angiogenesis, and to suppress apoptosis. In this regard, we recently demonstrated that HCMV can infect ACC cells in vitro and that treatment with glucocorticoids of infected cells stimulates viral replication. Moreover, HCMV infection of adrenocortical cells led to a shift to more malignant phenotype (manuscript in preparation).
Besides herpesviruses, replication of polyomaviruses may also be regulated by hormones, such as in the case of SV40, whose late gene expression is regulated by members of the steroid/thyroid hormone receptor superfamily (Zuo and Mertz, 1995) , or BKV, whose gene expression (especially late genes encoding structural proteins) and virus yield have been shown to be enhanced in the presence of glucocorticoids, progesterone or estrogens (Moens et al., 1994) . The effects of steroid hormones on BKV gene expression are mediated by a GRE-like motif and an estrogen-response element in the noncoding control region of BKV genome (Moens et al., 1994) and are enhanced by BKV large T-and small t-antigens (Moens et al., 1999) . The adrenal gland and adrenocortical tumor cells could thus be permissive for BKV replication because of the production of sex steroid hormones and the expression of estrogen receptors at high levels (our unpublished data).
PCR screening for BKV DNA sequences in our series of adrenocortical tissues demonstrated the following positive cases: two relapses of a case of metastatic ACC (Barzon et al., 2005) , which were surgically removed at about 1-year interval, were both positive for BKV DNA, with about 300 genome copies/10 6 cells; another functioning ACC; one case of APA and the previously described case of NFA, which was also positive for HCMV (Pomara et al., 2006) . Analysis of the presence and type of sequence variations in the noncoding control region of BKV genome by PCR and sequencing (Boldorini et al., 2005) revealed un-rearranged archetypal BKV WW sequence in all cases, with the presence of single nucleotide mutations in putative bindings sites for the transcription factors AP-1 and NF-1 in the two recurrences of metastatic ACC (Figure 2) . Immunohistochemical analysis of large T-antigen expression in polyomavirus-positive samples demonstrated the presence of focal nuclear immunostaining (Figure 3) . Probably due to the low number of polyomaviruspositive cells, large T-antigen expression was not detected by western blot analysis of available frozen tissues.
No JCV DNA was detected in any adrenal sample. SV40 DNA was demonstrated at relatively low copy number (100-300 copies/10 6 cells) in one ACC (also positive for HHV6), one case of APA; one CPA, one NFA and at very high copy number (about one copy per cell) in the unique case of malignant pheochromocytoma. The risk of contamination of the PCR reactions with plasmid sequences was excluded by PCR analysis of positive samples by using oligonucleotide primers specific for engineered SV40 sequences which are present in plasmid DNA (Carbone et al., 2005) and the oligonucleotide primers SV4279/SV2741, which are able to discriminate between engineered SV40 sequences in plasmid DNA and intact SV40 genome (Lopez-Rios et al., 2004) . Moreover, the presence of SV40 in positive samples was confirmed by DNA sequencing. Our finding of polyomaviruses in ACC and in malignant pheochromocytoma is intriguing, since these viruses have been associated with adrenal malignancy in experimental animal models, such as transgenic mice containing early regions of polyomaviruses, and in studies of human cancers. In particular, JCV-and SV40-containing mice have been shown to develop highly malignant adrenal neuroblastomas that metastasize to other tissues, whereas BKV-containing mice develop primary hepatocellular carcinomas and renal tumors (Small et al., 1986; Feigenbaum et al., 1992; Ressetar et al., 1993; Servenius et al., 1994) . In humans, BKV sequences and large T-antigen expression were demonstrated in 18 out of 18 neuroblastomas, but not in normal adrenal medulla (Flaegstad et al., 1999) . At variance, no SV40 sequences have been detected in human neuroblastomas (Bergsagel et al., 1992; Flaegstad et al., 1999) .
In our series, polyomaviruses were demonstrated in 29.4% malignant adrenal tumors, 8.3% APAs, 6.3% CPAs or androgen-producing adenomas and 5.6% NFAs. The prevalence of polyomaviruses sequences in malignant adrenal tumors was significantly higher than in benign and normal adrenal tissues ( w 2 -test; Po0.05). Thus, our results, together with the data from the literature, seem to suggest a role for BKV and SV40 in adrenal malignant transformation. Since JCV DNA was not detected in adrenal tissues, whereas BKV and SV40 were detected, it is possible that human polyomaviruses have different tropism for the adrenal gland. In this regard, different tropism has been observed also for mesothelial cells, which are susceptible to SV40 and BKV infection, but not JCV infection (Carbone et al., 2003) . The tropism of polyomaviruses for adrenal cells and their effect on adrenocortical and adrenal medullary cell proliferation need further studies that are ongoing.
In conclusion, this study represents the first investigation of viral infection in human adrenal tumors. Overall, Polyomaviruses and herpesviruses in human adrenal tumors L Barzon et al considering both herpesviruses and polyomaviruses, viral sequences were detected in a high proportion of both normal and neoplastic adrenal samples: 15% normal adrenals, 27.8% benign adrenal tumors and 35.3% malignant tumors (P ¼ NS). The polyomaviruses SV40 and BKV were associated with ACC and malignant pheochromocytoma, whereas herpesviruses, especially EBV and HCMV, were more frequently detected in functioning adrenocortical tumors, often as coinfection. In particular, tumors from patients with severe hypercortisolism frequently showed herpesvirus coinfections at high viral copy number. Moreover, all malignant adrenal tumors showing viral infection (either herpesvirus or polyomavirus infection) were stage-IV functioning tumors. Herpesviruses and polyomaviruses infection occurs early in childhood and, after primary infection, these viruses establish latent or persistent infections and may be reactivated by immunosuppression. Our study suggests that the adrenal gland could be a reservoir of infection for these viruses and that hormone overproduction by the adrenal gland could represent a trigger for virus reactivation. On the other hand, these viruses, whose oncogenic potential has been extensively proven, could act as cocarcinogens and contribute to adrenal cell proliferation and tumorigenesis. The high prevalence of adrenal masses, especially in the aged population, should be explained by a widespread causative agent. Infection by widespread viruses, such as herpesviruses and polyomaviruses, could represent one of these causative agents. 
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